Reactive aldehydes derived from reducing sugars and peroxidation of lipids covalently modify proteins and may contribute to oxidative tissue damage. We recently described another mechanism for generating reactive aldehydes from free a-amino acids. The pathway begins with myeloperoxidase, a heme enzyme secreted by activated neutrophils. Conversion of a-amino acids to aldehydes requires hypochlorous acid (HOCl), formed from H 2 O 2 and chloride by myeloperoxidase. When L-serine is the substrate, HOCl generates high yields of glycolaldehyde. We now demonstrate that a model protein, ribonuclease A (RNase A), exposed to free L-serine and HOCl exhibits the biochemical hallmarks of advanced glycation end (AGE) products -browning, increased fluorescence, and crosslinking. Furthermore, N e -(carboxymethyl)lysine (CML), a chemically well-characterized AGE product, was generated on RNase A when it was exposed to reagent HOCl-serine, the myeloperoxidase-H 2 O 2 -chloride system plus L-serine, or activated human neutrophils plus L-serine. CML production by neutrophils was inhibited by the H 2 O 2 scavenger catalase and the heme poison azide, implicating myeloperoxidase in the cell-mediated reaction. CML was also generated on RNase A by a myeloperoxidase-dependent pathway when neutrophils were activated in a mixture of amino acids. Under these conditions, we observed both L-serine-dependent and L-serine-independent pathways of CML formation. The in vivo production of glycolaldehyde and other reactive aldehydes by myeloperoxidase Article Find the latest version:
Introduction
Chemical modification of proteins may play a role in the pathogenesis of disorders ranging from diabetes to atherosclerosis and ischemia-reperfusion injury and, perhaps, to the aging process itself (1) (2) (3) (4) (5) (6) (7) (8) . Aldehydes are an important class of agents that covalently modify proteins (1) (2) (3) (4) (5) (6) (7) (8) , and they can be generated in the body by a variety of enzymatic and nonenzymatic mechanisms (1) (2) (3) (4) (5) (6) (7) (8) . One abundant aldehyde in the body is glucose, an α-hydroxyaldehyde that in its open-chain form modifies proteins; the amount of modification is increased during diabetic hyperglycemia (2, (6) (7) (8) . Reactive aldehydes also may be produced through peroxidation of lipids and by oxidases and dehydrogenases (1) (2) (3) (4) (5) (6) .
Aldehydes react covalently with amino acid residues of proteins to form several abnormal products (1, 2, (4) (5) (6) (7) (8) (9) (10) . One well-known class of adducts is the advanced glycation end (AGE) products, which make proteins insoluble, brown, and fluorescent (2, 3, 7, 8) . Glucosederived AGE products have been implicated in the pathogenesis of diabetic renal and vascular disease, and they become more abundant during aging in both diabetic and nondiabetic subjects (2, (6) (7) (8) (9) (10) (11) (12) (13) (14) . Despite intense study, the mechanisms that generate AGE products are not fully understood. The first steps in the reaction -formation of a Schiff base between glucose and protein amino groups, followed by an Amadori rearrangement -are well documented (reviewed in refs. 2, 14) . A complex series of poorly characterized reactions then converts the Amadori product, 1-(deoxyfructose)lysine, to AGE products (2, (6) (7) (8) (9) (10) (11) (12) (13) (14) . Although AGE products were first described by Maillard more than 80 years ago (15) , the structures of most are still not established. Two exceptions are N ε -(carboxymethyl)lysine (CML) and pentosidine, which have been well characterized chemically (9, 10) .
Glomb and Monnier proposed that protein-bound glycolaldehyde may be an intermediate in the reactions that convert glucose into AGE products (16) . They suggested that glucose binds to an amino acid residue and then is cleaved to glycolaldehyde, which remains protein bound. The resulting adduct is the equivalent of a Reactive aldehydes derived from reducing sugars and peroxidation of lipids covalently modify proteins and may contribute to oxidative tissue damage. We recently described another mechanism for generating reactive aldehydes from free α-amino acids. The pathway begins with myeloperoxidase, a heme enzyme secreted by activated neutrophils. Conversion of α-amino acids to aldehydes requires hypochlorous acid (HOCl), formed from H 2 O 2 and chloride by myeloperoxidase. When L-serine is the substrate, HOCl generates high yields of glycolaldehyde. We now demonstrate that a model protein, ribonuclease A (RNase A), exposed to free L-serine and HOCl exhibits the biochemical hallmarks of advanced glycation end (AGE) products  browning, increased fluorescence, and cross-linking. Furthermore, N ε -(carboxymethyl)lysine (CML), a chemically well-characterized AGE product, was generated on RNase A when it was exposed to reagent HOCl-serine, the myeloperoxidase-H 2 O 2 -chloride system plus L-serine, or activated human neutrophils plus L-serine. CML production by neutrophils was inhibited by the H 2 O 2 scavenger catalase and the heme poison azide, implicating myeloperoxidase in the cell-mediated reaction. CML was also generated on RNase A by a myeloperoxidase-dependent pathway when neutrophils were activated in a mixture of amino acids. Under these conditions, we observed both L-serine-dependent and L-serine-independent pathways of CML formation. The in vivo production of glycolaldehyde and other reactive aldehydes by myeloperoxidase may thus play an important pathogenic role by generating AGE products and damaging tissues at sites of inflammation.
Schiff base, and it can be further oxidized to form CML and perhaps other AGE products (16) . Indeed, proteins exposed to high concentrations of reagent glycolaldehyde are alkylated (in the presence of a reducing agent) and undergo cross-linking, another characteristic of AGE products (17, 18) .
We recently demonstrated another pathway for generating reactive aldehydes that potentially could be important in AGE product formation. It involves myeloperoxidase, a heme protein secreted by activated phagocytes (19) . This enzyme uses H2O2, which phagocytes also secrete, to convert chloride ion to hypochlorous acid (HOCl) (19) (20) (21) :
The initial product of the myeloperoxidase-H 2 O 2 -chloride system, HOCl, reacts with the amino group (RNH 2 ) of free amino acids to form a chloramine (RNHCl) (19, (22) (23) (24) (25) :
Amino acids [RCH(COOH)NH 3 ] that have both a carboxyl group and amino group on the α-carbon (26) then decompose to form an aldehyde (RCHO) (24-28):
One excellent substrate for the reactions shown in eqs. 2 and 3 is L-serine, which is converted into glycolaldehyde in high yield by the myeloperoxidase-H 2 O 2 -chloride system (28) .
In the current studies, we test the hypothesis that production of an α-hydroxy aldehyde by phagocytes might play a role in AGE product formation. Our observations suggest that glycolaldehyde generated by the myeloperoxidase-H 2 O 2 -chloride system might indeed lead to CML production and thereby play an important role in tissue damage at sites of inflammation. Solubilized myeloperoxidase was purified by lectin affinity chromatography and size exclusion chromatography as described (29, 30) . The enzyme (A 430 /A 280 ratio of 0.6) was dialyzed against distilled water and stored in 50% glycerol at -20°C. Enzyme concentration was determined spectrophotometrically (ε = 170 mM -1 cm -1 ; ref. 31) .
Methods

Materials
Isolation of human neutrophils. Neutrophils were isolated by buoyant density centrifugation as described previously (32) . The cells were washed twice by centrifugation with medium A (magnesium-, calcium-, phenol-, and bicarbonate-free HBSS, supplemented with 100 µM DTPA [pH 7.2]). Residual red blood cells were removed by hypotonic lysis at 4°C. Neutrophils were pelleted by centrifugation, resuspended in medium A, and immediately used for experiments.
Reaction conditions for protein modification by HOCl or myeloperoxidase. For modification of RNase A with the HOCl-serine system, L-serine was incubated with HOCl (1.0:0.9 mol/mol) for 15 minutes at 37°C in buffer A (50 mM sodium phosphate buffer [pH 7.0]). RNase A (10 mg/mL final concentration) was then added to the reaction mixture and allowed to incubate at 37°C for the indicated amount of time. Preincubating L-serine with HOCl avoided competing reactions (e.g., with amino residues on the RNase A that also might consume HOCl; refs. 22, 23) . For modification with the myeloperoxidase system, 60 nM myeloperoxidase, 1 mM L-serine, 1 mM H 2 O 2 , and 150 mM NaCl were incubated in buffer A at 37°C. The H 2 O 2 was added in 2 equal aliquots 15 minutes apart to a final concentration of 1 mM. After a 90-minute incubation, RNase A was added to a final concentration of 1 mg/mL, and the incubation was continued at 37°C for the indicated amount of time. To determine whether CML formation occurred at plasma concentrations of free Progress curve of protein browning induced by the HOCl-serine system. HOCl and L-serine (0.9:1.0 mol/mol at the indicated final concentration) were incubated together in buffer A (50 mM sodium phosphate buffer [pH 7.0]) for 15 minutes at 37°C. RNase A (100 mg/mL in buffer A) was then added to a final concentration of 10 mg/mL, and the absorbance at 325 nm of the reaction mixture was monitored. When indicated, 20 mM NaCNBH 3 was present during the reaction of HOCl and L-serine.
amino acids, experiments were carried out at 37°C in buffer A supplemented with physiological concentrations of the 7 most abundant free amino acids found in plasma (33) . For these reactions, 1 mg/mL of RNase A was modified by a myeloperoxidase system consisting of 30 nM myeloperoxidase, 300 ng/mL glucose oxidase, and 100 µg/mL D-glucose. Reactions were stopped by freezing at -20°C.
Reaction conditions for protein modification by human neutrophils. For modification of RNase A with human neutrophils, freshly harvested cells were added to medium B (50 mM sodium phosphate, 100 mM NaCl, 4 mM KCl, and 100 µM DTPA [pH 7.2]) supplemented with 1 mM L-serine at a final concentration of 10 6 cells/mL. Neutrophils were then activated with 250 nM PMA and incubated with intermittent inversion for 45 minutes at 37°C. Neutrophils were then removed by centrifugation (5 minutes × 5,220 g), and RNase A was added to the supernatant (1 mg/mL final concentration) and allowed to incubate for the indicated amount of time at 37°C. To determine whether neutrophils formed CML at plasma concentrations of free amino acids, experiments were carried out in medium B supplemented with 1 mg/mL of RNase A and the 7 most abundant free amino acids found in plasma (33) . After a 1-hour incubation at 37°C, cells were removed by centrifugation, and the supernatant was incubated at 37°C for the indicated time. Reactions were terminated by freezing at -20°C.
SDS-PAGE analysis of proteins. RNase A (20 µg protein in 50 µL of 50 mM Tris-HCl [pH 6.8] containing 1% βmercaptoethanol and 2% SDS) was subjected to electrophoresis on a 10-20% gradient polyacrylamide gel containing 0.1% SDS in 375 mM Tris-HCl (pH 8.8) (34) . The stacking gel was made with 5% polyacrylamide in 140 mM Tris-HCl (pH 6.8), 0.1% SDS. Running buffer consists of 25 mM Tris, 250 mM glycine (pH 8.3), with 1% SDS. Polyacrylamide gels were stained with Coomassie blue and destained with methanol/acetic acid/water (1:5:5 vol/vol/vol).
Analysis of protein-bound CML by gas chromatography/mass spectrometry. Reaction mixtures were extensively dialyzed against H 2 O at 4°C to remove buffer salts and then concentrated to dryness by centrifugal evaporation. Internal standards (d 8 -lysine and d 4 -CML) were added to each sample, followed by hydrolysis in 6.0 N HCl for 24 hours at 110°C. The
Figure 2
Fluorescence excitation and emission spectra of RNase A modified by HOCl-serine. RNase A (10 mg/mL) was modified for 24 hours at 37°C in buffer A with the HOCl-serine system at 10 mM each (a), as described in the legend to Figure 1 ; with 10 mM glycolaldehyde (b); or with 9 mM HOCl alone (c). Reaction mixture was then diluted 1:10 with 50 mM sodium citrate-citric acid buffer (pH 5.0), 50 mM sodium phosphate buffer (pH 7.0), or 50 mM boric acid-borax buffer (pH 9.0). The excitation and emission spectra of each reaction mixture were then determined. (d) Excitation and emission spectra of 1 mg/mL RNase A in 50 mM sodium phosphate buffer (pH 7.0). hydrolysates were then dried by centrifugal evaporation. For analysis by electron ionization gas chromatography/mass spectrometry (GC/MS), samples were derivatized for measurement of CML and lysine as their trifluoroacetyl methyl ester derivatives as described (35) . CML, d 4 -CML, lysine, and d 8 -lysine were quantified using ions of mass-to-charge (m/z) ratio 392, 396, 180, and 187, respectively (35) . Selected ion monitoring-GC/MS analysis of derivatized amino acids isolated was performed on an HP-6890 mass spectrometer (Hewlett-Packard, Palo Alto, California, USA equipped with a 30-m HP-5MS (5% phenyl, 95% methyl, siloxane) capillary column. Samples were injected in the splitless mode. The initial GC column temperature was 150°C for 2 minutes; the temperature was increased to 180°C at 5°/min, then to 300°C at 15°/min, and held for 5 minutes. The injector port was kept at 275°C (35) .
For negative-ion electron capture GC/MS analyses, samples were dried by centrifugal evaporation following hydrolysis, resuspended in 1 mL of 1% trifluoroacetic acid, and immediately passed over a solid-phase C-18 extraction column (Supelclean LC-18 SPE tubes, 1 mL; Supelco Inc., Bellefonte, Pennsylvania, USA) that had been equilibrated with methanol and 1% trifluoroacetic acid. The column was then washed with two 1-mL aliquots of 1% trifluoroacetic acid. The column flowthrough and 2 washes were pooled and dried by centrifugal evaporation, and the n-propyl pentafluoropropionyl derivatives of CML and lysine were prepared as described (36) . CML, d 4 -CML, lysine, and d 8 -lysine were quantified using ions of m/z 560, 564, 460, and 468, respectively. Selected ion monitoring-GC/MS was carried out on a Finnigan SSQ equipped with a 12-m DB-1 capillary column (0.2-mm internal diameter, 0.33-µm film thickness; Hewlett-Packard). Samples were injected with a 20:1 split, with methane as the reagent gas. The injector port and detector were kept at 250°C, with the source at 200°C. For analysis of CML, the initial GC column temperature of 150°C was held for 5 minutes, and the temperature was then increased from 150°C to 270°C at 20°/min. For analysis of lysine, the initial GC temperature of 120°C was held for 5 minutes; the temperature was then ramped from 120°C to 275°C at 20°/min and held at 275°C for 1 minute.
Other procedures. Fluorescence excitation and emission spectra were obtained at room temperature using an LS5B Perkin-Elmer Luminescent Spectrophotometer (Perkin-Elmer Corp., Norwalk, Connecticut, USA). Ultraviolet/visible absorption spectra were obtained at 37°C using a Beckman DU-7 spectrophotometer (Beckman Instruments Inc., Fullerton, California, USA) equipped with thermostatically controlled cells. Concentrations of H 2 O 2 and HOCl were determined spectrophotometrically using ε 240 = 43.6 M -1 cm -1 and ε 292 = 350 M -1 cm -1 , respectively (37, 38) . Unless otherwise indicated, data are the mean of duplicate determinations and are representative of the results found in at least 3 independent experiments.
Results
The HOCl-serine system promotes the browning reaction with a model protein. The classic biochemical characteristics associated with the formation of AGE products are a brown color, development of fluorescence, and protein cross-linking (2, 7, 8, 15) . To explore the potential role of phagocyte-generated aldehydes in AGE product formation, we determined whether a model system consisting of HOCl and L-serine (0.9:1.0 mol/mol) in a physiological salt solution at neutral pH would induce such changes in a model protein, RNase A.
RNase A incubated with the HOCl-serine system exhibited a time-dependent browning, monitored as an increase in absorbance at 325 nm ( Figure 1 ). The browning reaction required the presence of protein, Lserine, and HOCl; it was inhibited by the reducing agent NaCNBH 3 , which presumably reduced the initial Schiff base adduct, preventing subsequent reactions (14, 17) . The material that absorbed light at 325 nm coeluted on size exclusion chromatography with RNase A modified by HOCl-serine, indicating that these moi- eties were protein bound (data not shown). Adding HOCl alone to RNase A also increased absorbance at 325 nm. However, the progress curve was much more rapid than that observed with the HOCl-serine system (data not shown), suggesting that RNase A was in this case modified by a different mechanism. Reagent glycolaldehyde also produced browning with RNase; the progress curve of the reaction was similar to that seen with the HOCl-serine system (data not shown). These results demonstrate that the HOCl-serine system causes browning of a model protein, and implicate glycolaldehyde in the reaction pathway.
The HOCl-serine system increases the fluorescence of a model protein. After RNase A was exposed to the HOCl-serine system, it also exhibited a marked increase in fluorescence (Figure 2a ). The fluorescent material coeluted with RNase A on size exclusion chromatography, indicating that the fluorescence was protein bound (data not shown). Moreover, its fluorescence excitation (λ max 340 nm) and emission (λ max 425 nm) spectra were virtually identical to those observed after RNase A was modified with reagent glycolaldehyde. This suggests that glycolaldehyde derived from HOCl-serine was responsible for the reaction (Figure 2, a and b) . The 2 systems also had a similar pH dependence: fluorescence intensity decreased with increasing pH in RNase A modified with either HOCl-serine or glycolaldehyde.
In contrast, the fluorescence intensity of RNase A modified with HOCl alone increased with increasing pH. The fluorescence excitation and emission spectra also differed slightly from those of RNase A modified by HOCl-serine (Figure 2c ): the excitation maximum lay between 335 and 345 nm (depending on the pH), and the emission maximum was at 400 nm. Incubating RNase A with buffer A alone (Figure 2d ) or L-serine alone in buffer A (data not shown) generated no fluorescence. Fluorescence was also undetectable in HOCl-serine reaction mixture that lacked protein (data not shown).
The HOCl-serine system promotes protein cross-linking. We also detected protein cross-linking after we incubated RNase A with HOCl-serine and then subjected the reaction mixture to SDS-PAGE under reducing conditions (Figure 3, lanes 2 and 3) . The reaction depended on the concentration of HOCl-serine and was mimicked by reagent glycolaldehyde (Figure 3, lanes 4 and 5) . At equal concentrations of reagents, we observed more cross-linking of RNase A by glycolaldehyde than by HOCl-serine. This suggests that glycolaldehyde levels were lower, owing to the presence of competing reactions that consumed L-serine and/or HOCl.
Cross-linking was not observed when RNase A was incubated with either L-serine or HOCl alone ( Figure  3, lanes 6 and 7) . RNase A exposed to HOCl alone migrated as a slightly broader band with an apparent molecular weight similar to that of native RNase A, suggesting that it had undergone subtle structural changes. These observations again suggest that HOCl alone modifies the protein through a different mechanism than glycolaldehyde or HOCl-serine. Adding 20 mM NaCNBH 3 to the reaction mixture completely abolished protein cross-linking by HOCl-serine (Figure 3, lane 8) , consistent with a cross-linking mechanism involving the formation and rearrangement of a Schiff base (14, 17, 39) .
The HOCl-serine system generates CML in proteins. To explore the potential role of myeloperoxidase in the formation of CML, a chemically well-characterized AGE product, we used isotope dilution GC/MS to analyze RNase A added to an incubation mixture containing HOCl and L-serine. We observed a time-dependent increase in protein-bound CML (Figure 4a ). The reaction required RNase A, L-serine, and HOCl; in the absence of any of these components, there was virtually no CML production. CML concentration also increased linearly with increasing concentrations of HOCl and L-serine (Figure 4b) , indicating that proteinbound CML is generated by the HOCl-serine system.
HOCl scavengers are potent inhibitors of CML formation in a model system. To investigate the ability of different antioxidants to inhibit CML formation by the HOClserine system (40), we incubated L-serine together with equimolar concentrations of antioxidant and HOCl, added RNase A to the reaction mixture, and then quantified the levels of CML in the protein after a 24-hour incubation. The data in Table 1 show that the HOCl scavengers taurine and methionine both were inhibitory (41, 42) . CML formation was moderately affected by taurine and almost completely abolished by methionine. These observations suggest relative reaction rates with HOCl of methionine > L-serine ≅ taurine. RNase A (1 mg/mL) was modified by the HOCl-serine system (500 µM L-serine, 450 µM HOCl) at 37°C in buffer A as described in the legend to Figure 1 . The order of additions to the reaction mixture was L-serine, inhibitor, and then HOCl. Inhibitors (450 µM) were present at the same concentration as HOCl. After a 15-minute incubation, RNase A was added and the reaction mixture was incubated for 24 hours at 37°C. The reaction mixture was then dialyzed, hydrolyzed, derivatized, and subjected to analysis for CML by isotope dilution GC/MS with selected ion monitoring. Results represent the mean of 2 independent experiments, with duplicate determinations per experiment. A Relative to a control incubation of RNase A modified by the HOCl-serine system that contained 5% ethanol (vol/vol), the solvent used for the lipid-soluble antioxidants. Ethanol alone at this final concentration inhibited CML formation by 9%.
The metal chelators EDTA and DTPA modestly inhibited CML production, suggesting a role for redoxactive metal ions (43) . Butylated hydroxytoluene, an inhibitor of lipid peroxidation (43) , had virtually no effect, which is not surprising because RNase A contains no lipid moieties. Antioxidants such as the lipidsoluble compounds α-tocopherol and probucol were also ineffective as inhibitors (44) . Thus, only agents that initially compete for HOCl appear to inhibit potently CML formation in this system.
The myeloperoxidase system generates CML through a pathway involving HOCl and L-serine. To confirm that the HOClserine system truly mimics the myeloperoxidase system, we exposed RNase A to isolated myeloperoxidase. First, purified myeloperoxidase was incubated in a physiological buffer supplemented with L-serine, H 2 O 2 , and Cl -(to generate HOCl) at neutral pH, and then RNase A was added to the reaction mixture. Under these conditions, CML was generated on RNase A in a time-dependent manner (Figure 5a ). The reaction required enzyme, L-serine, peroxide, and halide (Figure 5b ). It also was inhibited by the H 2 O 2 scavenger catalase (400 nM) or the heme poison sodium azide (5 mM), as expected from a mechanism involving a heme peroxidase (data not shown).
After a 72-hour incubation at 37°C, RNase A exposed to myeloperoxidase, L-serine, and 1 mM H 2 O 2 had acquired ∼5 mmol CML per mol of lysine. This level is similar to that observed in RNase A exposed to 250 mM glucose for 6 weeks  1,000 hours (39) . This calculation suggests that glycolaldehyde generated by myeloperoxidase is roughly 3,000-fold more effective than glucose at generating CML. RNase A has 10 ε-amino groups on lysine residues available for reaction. Assuming that 1 mol of H 2 O 2 converted 1 mol of L-serine to glycolaldehyde and that 1 mol glycolaldehyde produced 1 mol of CML, each mol of H 2 O 2 produced 2 mmol of CML.
In a mixture of amino acids, myeloperoxidase generates CML by pathways that are both L-serine-dependent and L-serine-independent. To determine whether myeloperoxidase would generate CML in the presence of other amino acids, we exposed RNase A to the enzymatic system in buffer supplemented with physiological concentrations of glucose and a mixture of the 7 most abundant free amino acids found in plasma (260 µM L-glutamate, 210 µM L-alanine, 200 µM L-serine, 175 µM glycine, 165 µM L-valine, 100 µM L-proline, and 100 µM Llysine; ref. 33 ). In these experiments, we incubated all the components of the reaction system together. Peroxide was generated continuously at a low level using glucose oxidase and glucose to provide a more physiological level of oxidant. Under these conditions, we detected a marked increase in the level of CML in RNase A exposed to the complete myeloperoxidase system ( Figure 6 ). CML generation required myeloperoxidase and glucose oxidase; it was inhibited by catalase and azide, implicating H 2 O 2 and myeloperoxidase in the reaction. Omitting L-serine from the amino acid mixture reduced the yield of CML by ∼70%. These results indicate that myeloperoxidase generates CML on RNase A at plasma concentrations of amino acids by a reaction pathway that involves HOCl and L-serine. Because CML was also generated in the absence of Lserine, there are L-serine-independent pathways for CML formation by myeloperoxidase.
When we incubated RNase A for 16 hours at 37°C in buffer supplemented with 100 µM glycolaldehyde and the mixture of amino acids, the yield of CML was ∼120 µmol per mol of lysine. Making the assumptions just outlined, this indicates that each mol of glycolaldehyde produced 0.9 mmol of CML. Thus, even in the presence of other competing amino acids, glycolaldehyde was roughly 6,000 times more reactive than glucose. These observations further support the hypothesis that conversion of L-serine into glycolaldehyde by myeloperoxidase may be a physiologically significant pathway for CML formation.
Figure 5
Progress curve and reaction requirements for generation of CML on RNase A by the myeloperoxidase-H 2 O 2 -chloride-serine system. (a) The complete myeloperoxidase system (60 nM myeloperoxidase, 1 mM H 2 O 2 , 1 mM L-serine, and 150 mM NaCl in buffer A) was incubated at 37°C for 90 minutes. RNase A (1 mg/mL final concentration) was added, and the reaction mixture was incubated for the indicated period at 37°C. The reaction mixture was then subjected to analysis for CML by electron ionization isotope dilution GC/MS with selected ion monitoring. (b) The complete myeloperoxidase system was incubated at 37°C as described for a. After the addition of 1 mg/mL RNase A, the reaction mixture was incubated for 24 hours. Reaction mixture was then subjected to analysis for CML by GC/MS. When indicated, chloride ion (Cl -), myeloperoxidase (MPO), L-serine, or H 2 O 2 (peroxide) was omitted from the complete myeloperoxidase system.
Human neutrophils generate CML on model proteins.
To determine whether neutrophils would use myeloperoxidase to produce CML, we incubated the cells with L-serine in a physiological salt solution at neutral pH and then added RNase A and incubated the reaction mixture for various periods at 37°C. Reverse-phase HPLC revealed that the neutrophils initially converted L-serine into glycolaldehyde (data not shown; ref. 28 ), suggesting that the aldehyde was an intermediate in the reaction pathway. Amino acids from the acid hydrolysate of RNase A exposed to activated neutrophils were derivatized and then analyzed by electron ionization GC/MS (Figure 7) . The trifluoroacetyl methyl ester derivative of CML, monitored as the ions at m/z 392 (M •+ -CH 3 OH) and m/z 305 (M •+ -2 COOCH 3 -H), was readily detected in the amino acid mixture by selected ion monitoring. The relative abundance and retention time of the ions derived from the compound generated by activated neutrophils were identical to those of authentic CML. By selected ion monitoring, the ions derived from d 4 -labeled CML elute slightly earlier than those of CML, as has been reported for other deuterated internal standards (45) . The progress curve of the reaction showed a time-dependent increase in CML over 96 hours (Figure 8a ). CML formation required activation of the neutrophils with PMA and the presence of L-serine (Figure 8b ). It was inhibited by catalase and heme poisons (Figure 8b) , again consistent with a mechanism depending on myeloperoxidase.
To determine whether activated human neutrophils would generate CML in the presence of other amino acids, we exposed RNase A to PMA-stimulated cells in medium supplemented with plasma concentrations of the 7 most abundant amino acids. Under these conditions, we observed a marked increase in the level of CML in RNase A (Figure 9 ). Generation of CML required activation of the cells with PMA and was inhibited by 3aminotriazole and azide, implicating oxidant generation and myeloperoxidase in the reaction. Omitting L-serine from the amino acid mixture significantly reduced but did not abolish CML formation (P < 0.02).
These results indicate that activated human neutrophils use the myeloperoxidase system to generate CML in a physiological mixture of amino acids, but that the enzyme also can generate this abnormal amino acid by pathways that do not involve L-serine.
Figure 6
Influence of plasma amino acids on CML formation by myeloperoxidase. The complete myeloperoxidase system (Complete; 30 nM myeloperoxidase, 300 ng/mL glucose oxidase, 100 µg/mL glucose) was incubated for 16 hours at 37°C in buffer A supplemented with 1 mg/ml RNase A, 260 µM L-glutamate, 210 µM L-alanine, 200 µM L-serine, 175 µM glycine, 165 µM L-valine, 100 µM L-proline, and 100 µM L-lysine. The reaction mixture was then subjected to analysis for CML by negative-ion electron capture GC/MS with selected ion monitoring. Sodium azide (Azide; 5 mM) or catalase (Cat; 400 nM) was added when indicated. The bottom 3 bars represent control reactions containing RNase A alone or supplemented with catalase or glucose oxidase. G, glucose; GO, glucose oxidase; MPO, myeloperoxidase.
Figure 7
Detection of the trifluoroacetyl methyl ester derivative of CML generated by activation human neutrophils by electron ionization GC/MS with selected ion monitoring. Freshly harvested human neutrophils (10 6 /mL) were incubated at 37°C in medium B supplemented with 1 mM L-serine. Cells were stimulated with 250 nM PMA and maintained in suspension by intermittent inversion. After a 45-minute incubation, cells were removed by centrifugation, and RNase A (1 mg/mL final concentration) was added. After a 96-hour incubation at 37°C, protein-bound CML in the incubation medium was detected by electron ionization GC/MS with selected ion monitoring. The ions at m/z 392 (M •+ -CH 3 OH) and m/z 305 (M •+ -2 COOCH 3 -H) represent the most abundant ions in the full-scan mass spectrum of CML. Note that the ions derived from d 4 -labeled CML at m/z 309 and m/z 396 elute slightly earlier than the corresponding ions of CML, as has been shown for many other deuterated compounds (45) .
Discussion
We previously showed that HOCl, which is generated by the myeloperoxidase system of activated phagocytes, converts L-serine to glycolaldehyde in high yield (28) . Because glucose, another α-hydroxyaldehyde, is implicated in the formation of AGE products in proteins, we wanted to determine whether reactive aldehydes generated by myeloperoxidase could also covalently modify protein residues.
The biochemical hallmarks of protein-bound AGE products are browning, increased fluorescence, and cross-linking (2, 7, 8, 15) . When we exposed RNase A to a mixture of HOCl and L-serine, which generates glycolaldehyde in high yield, we observed protein browning (monitored as increased absorbance at 325 nm), development of fluorescence, and protein cross-linking (monitored by SDS-PAGE under reducing conditions). Reagent glycolaldehyde produced similar changes in RNase A, strongly supporting the hypothesis that the myeloperoxidase reaction is mediated by glycolaldehyde generated from L-serine and HOCl.
When used alone, HOCl produced browning and fluorescence in RNase A. However, 3 lines of evidence indicate that this reaction may be distinct from that mediated by the HOCl-serine system. First, the progress curves of the 2 reactions differed. Second, the excitation and emission fluorescence spectra of HOCl-modified RNase A were optimal at shorter wavelengths, compared with those of RNase A modified by HOCl-serine. Moreover, the fluorescence of HOCl-modified RNase A decreased with decreasing pH, whereas that of HOCl-serine-modified RNase A increased. Finally, both HOCl-serine and glycolaldehyde induced cross-linking in RNase A, but HOCl alone did not promote cross-linking. Collectively, these results indicate that RNase A modified by HOClserine exhibits all of the biochemical features of proteinbound Maillard and AGE products (2, 7, 8, 15 ). Proteins exposed to HOCl alone possess some of these features, but the reactions that induce browning and fluorescence probably are different.
One of the best-characterized AGE products is CML (9, 11, 12) , a colorless and nonfluorescent compound. CML is formed in post-Amadori reactions and is a true end product that always accompanies the formation of brown, fluorescent, and cross-linked species in the Maillard reaction (2, 9, 16) . CML is formed in higher yield than other known AGE products and can be quantified by isotope dilution GC/MS, a sensitive and specific assay (35) .
Glycolaldehyde derived from protein-bound glucose may play a role in CML formation during glycoxidation reactions and AGE formation (16) . Because myeloperoxidase also can generate glycolaldehyde, we determined whether CML would appear in RNase A exposed to HOCl-serine, the myeloperoxidase-H 2 O 2chloride system plus L-serine, or activated neutrophils. Mass spectrometric analysis revealed that all 3 systems produced CML. Importantly, the cell-mediated reaction required L-serine and neutrophil activation, and it was inhibited by catalase (a scavenger of H 2 O 2 ) and azide (a heme poison), implicating myeloperoxidase in the reaction pathway. These results provide strong chemical evidence that oxidation of L-serine by myeloperoxidase promotes AGE product formation in vitro.
We have previously shown that HOCl generated by myeloperoxidase reacts with a wide variety of α-amino acids to yield a battery of reactive aldehydes (28, 46) . An important issue then becomes whether myeloperoxidase will generate CML from L-serine in the presence of competing amino acids. CML levels increased markedly in RNase A exposed to myeloperoxidase and peroxide in buffer supplemented with physiological concentrations of the 7 most abundant free amino acids found in plasma. Formation of CML was reduced by
Figure 8
Progress curve and reaction requirements for generation of CML on RNase A by activated human neutrophils. (a) Freshly harvested human neutrophils (10 6 /mL) were incubated at 37°C in medium B supplemented with 1 mM L-serine as described in the legend to Figure 6 . After incubation for the indicated period at 37°C, the reaction was stopped by freezing at -20°C. The incubation medium was then subjected to analysis for CML by electron ionization isotope dilution GC/MS with selected ion monitoring. (b) Freshly harvested human neutrophils (10 6 /mL) were incubated at 37°C in medium B supplemented with 1 mM L-serine (Complete) as in a. After the addition of 1 mg/mL RNase A, the reaction mixture was incubated for 96 hours. Reactions were then subjected to analysis for CML by electron ionization selected ion monitoring GC/MS. When indicated, cells, L-serine,or PMA was omitted, or azide (5 mM) or catalase (500 nM) was included in the complete cellular system. Values are corrected for the endogenous CML content (12.2 µmol/mol lysine) of RNase A.
∼70% when L-serine was omitted from the reaction mixture. Human neutrophils likewise generated CML on RNase A in the presence of the amino acid mixture. CML production required activation of the cells with PMA and was inhibited by heme poisons, implicating oxidant generation and myeloperoxidase in the cellmediated reaction. Importantly, CML generation by the cells was only partially reduced when L-serine was omitted from the medium.
These results indicate that activated human neutrophils use myeloperoxidase to generate CML on a model protein at plasma concentrations of free amino acids. Under these conditions, we observed both L-serine-dependent and L-serine-independent pathways of CML formation. The nature of the latter reaction(s) is unknown, but it may involve the conversion of other amino acids into reactive aldehydes by myeloperoxidase-generated HOCl (28, 46) . Collectively, these observations indicate that myeloperoxidase promotes the formation of CML at physiological concentrations of free amino acids, raising the possibility that the enzyme promotes AGE formation in vivo.
Although many oxidation reactions are inhibited by water-soluble or lipid-soluble antioxidants (40), we found that classic antioxidants such as α-tocopherol (44) were poor inhibitors of CML formation by the HOCl-serine system. In contrast, the HOCl scavenger methionine (41, 42) potently inhibited this reaction. The effect of an antioxidant on myeloperoxidase-catalyzed reactions is critically dependent on both the target for oxidation and the reaction pathway. For example, α-tocopherol almost completely inhibits cholesterol chlorination by myeloperoxidase under acidic conditions (47) . In future studies, it will be of interest to explore the effects of antioxidants and HOCl scavengers on AGE product formation in vivo.
A key question is whether activated phagocytes, via myeloperoxidase, generate AGE products at sites of inflammation such as vascular lesions. Active myeloperoxidase is present in human atherosclerotic lesions, where it partly colocalizes with lipid-laden macrophages (48) . Recent studies using antibodies specific for CML demonstrated intense immunostaining of macrophages in such lesions (49) . Moreover, AGE products have been detected by immunohistochemical techniques in atherosclerotic lesions of euglycemic animals, suggesting that elevated blood glucose may not be the only factor responsible for the generation of CML and other AGE products (50) . In studies using isotope dilution GC/MS analysis, we found that CML and other AGE products were up to 8-9 times more abundant in LDL isolated from human atherosclerotic lesions than in LDL isolated from blood (our unpublished observations). These results suggest that a portion of the CML seen in atherosclerotic lesions may result from the oxidative activity of myeloperoxidase. Other pathways that could contribute CML to vascular lesions include (a) ascorbatedependent reactions and (b) glyoxal generated during lipid peroxidation or glucose autoxidation (6, 51, 52) .
Cross-linking of long-lived tissue proteins and extracellular matrix by the formation of AGE products is thought to accelerate vascular disease in diabetics (2, 8) . AGE products bind to specific cell-surface receptors, triggering cytokine secretion and oxidant generation (53, 54) . Moreover, Amadori products undergo a complex series of rearrangement and cleavage reactions that produce reactive oxygen species and dicarbonyl compounds (2, 14, (55) (56) (57) ; such chemicals could promote additional damage (2, 8) . Indeed, CML and pentosidine have been detected in nondiabetic atherosclerotic lesions (50) and in the serum of patients with rheumatoid arthritis (58, 59) , and have been localized to focal lesions in diabetic kidneys (60) , suggesting that pathways independent of glycoxidation may promote AGE formation in vivo. Therefore, if myeloperoxidase mediates AGE product formation in vivo, as it does in vitro, many of the mechanisms implicated in tissue dysfunction in diabetes and aging also may operate at locations where the enzyme is produced  at sites of inflammation (48-50, 60, 61) . Myeloperoxidase therefore has the potential to play key roles in inflammatory conditions, which contribute to a large number of clinical disorders.
